Complete genome sequences of bovine viral diarrhoea virus types 1 and 2 (BVDV-1 and 2) deposited in the GenBank were submitted to bioinformatic analysis using a recombination-detecting software. The results indicate that recombination events are not rare in the case of BVDV, which frequently causes immunotolerance and, consequently, persistent infection in calves. The lack of specific immunity provides an ideal possibility for multiple infections by antigenically related but genetically different BVDV strains, and hence recombinations may occur. Among the 62 BVDV-1 genomes five recombinants and their possible parent strains, while among the 50 BVDV-2 genomes one simple recombinant and its parent strains were identified, which were supported by extremely strong probability values (P values varying between 1.26 × 10 -4 and 1.58 × 10 -310
with the virus, remains infected for life, and usually is immunotolerant to the resident noncytopathic virus (Fulton et al., 2003) . This pathomechanism offers a good chance for homologous recombination that is a basic mechanism for the genetic diversification of viruses. Recombination is the formation of chimaerical nucleic acid molecules from parental genomes (major and minor parents, referring to the relative size of the genomic part within the chimaerical nucleic acid), which commonly occurs with RNA viruses (Simon-Loriere and Holmes, 2011) .
Since the persistently infected, immunotolerant animals are not able to mount an immune response, co-infection (which is the precondition of recombination) with other BVDV strains genetically different from the strain causing the persistent infection is possible and may even be rather frequent. Furthermore, the formerly widespread live vaccines (non-virulent strains) used for prevention could also cause parallel infections.
The size of the BVDV genome is approximately 12-13 kb. Based on comparisons of nucleotide sequence in the viral RNA, there are two species (distinct genetic groups, previously also referred to as genotypes) of BVDV, which are termed BVDV type 1 and BVDV type 2, and both cytopathic and noncytopathic BVDV strains are represented in each species (Ridpath and Neill, 2000) . BVDV-1 can be further divided into subgenotypes or genogroups based on differences in the nucleotide sequences within the 5'NTR, N pro and E2 genes (Becher et al., 1999; Toplak et al., 2004; Vilcek et al., 2004) .
The significance of heterologous, host genome-viral genome recombination (insertion of host genomic parts) is described and discussed in detail by others (Becher and Tautz, 2011) who have evaluated the importance of this event in the background of the pathogenicity and cytopathogenicity of BVD virus.
In this study, we report evidences of homologous recombinations by investigating full-genome BVDV-1 and -2 sequences deposited in the GenBank using phylogenetic reconstructions and statistically based multiple recombination detection methods.
Materials and methods
BVDV genomes included in the study. A total of 112 BVDV genomes (62 BVDV-1 and 50 BVDV-2) deposited in the GenBank as complete sequences or nearly complete sequences (the latter ones containing more than 11,500 nucleotides and missing only the 3'-and 5'-end non-translated regions) were used in this study. The sequences were deposited under the following accession numbers:
BVDV -1 strains: AB078950, AB078951, AB078952, AF041040,  AF091605, AF220247, AF268278, AF526381, AJ133738, AJ133739,  AJ585412, DQ088995, EF101530, HQ174292, HQ174293, HQ174294,  HQ174295, HQ174296, JN380080, JN380083, JN380088, JN380089, JN400273, JN644055, JN704144, JQ418633, JQ418634, JQ799141, JX297512,  JX297513, JX297514, JX297515, JX297516, JX297517, JX297518, JX297519,  JX297520, JX297521, JX419397, JX419398, KC695810, KC695814,  KC757383, KC853440, KC853441, KC963967, KF501393, KF772785 , KF835697, KF835698, KF835699, KF896608, KJ541471, KJ620017, KJ689448, M31182, M96687, M96751, LC089876, U63479, U86599, U86600.
BVDV-2 strains: AB567658, AB894423, AB894424, AF145967, AY149215, AY149216, FJ527854, GQ888686, HG426479, HG426480, HG426481, HG426482, HG426483, HG426484, HG426485, HG426486, HG426487, HG426488, HG426489, HG426490, HG426491, HG426492, HG426493, HG426494, HG426495, HQ174297, HQ174298, HQ174299, HQ174300, HQ174301, HQ174302, HQ174303, HQ258810, JF714967, JN380081, JN380082, JN380084, JN380085, JN380086, JN380087, JN380090, JQ418635, KC963968, KF835700, KF835701, KF835702, KJ000672, LC006970, NC002032, U18059.
Genetic alignment and construction of phylogenetic trees. Before phylogenetic analysis, multiple alignment was performed using the ClustalW method. Phylogenetic trees were constructed using the maximum-likelihood method and evaluated using the interior branch test method with Mega 6.06 software (Tamura et al., 2013) . For bootstrap evaluation 1000 repetitions were calculated, the resulting bootstrap values are indicated at the nodes, GenBank accession numbers are at the end of each branch (Fig. 1) .
Recombination detection. For detecting possible recombinant sequences, the alignment was submitted to the RDP 4.46 BETA software, containing several detection algorithms (Martin et al., 2015) . As for the detection methods, we utilised the following: RDP (Martin and Rybicki, 2000) , GENECONV (Padidam et al., 1999) , Bootscan (Martin et al., 2005) , MaxChi (Smith, 1992) , Chimaera (Posada, 2002) , SiScan (Gibbs et al., 2000) , 3Seq (Boni et al., 2007) and LARD (Holmes et al., 1999) . The size of the shifting window was 200 bases.
Recombination 'hot-spot' detection. For detecting possible regions where recombination events may occur at a high rate, we used the inbuilt breakpoint Pdistribution plot of RDP 4.46 BETA.
Results
The phylogenetic tree constructed using the full genome sequences of the BVDV strains deposited in GenBank is shown in Fig. 1 . To avoid crowding, the tree does not show the accession numbers of the genomes that were homologous or nearly homologous with another strain present on the tree, showing higher than 98% identity. Probable recombination events are indicated with arrows ( Fig. 1) . Fig. 1 . Phylogenetic tree constructed using sequences selected from the 112 BVDV-1 and -2 full genome sequences deposited in the GenBank. Only one of the genomes was used if higher than 98% identity was indicated between two sequences, therefore only 72 representative genomes are on the tree. Red: recombinants, Blue: major parent, Green: minor parent. Orange: artificial chimaera strain, used as internal control. Recombinants and parents identified by our survey are framed.
a (Weber et al., 2015) , b (Jones and Weber, 2004) Acta Veterinaria Hungarica 64, 2016 The RDP graphs demonstrating the approximate size and localisation of the recombinations found by the RDP 4.46 BETA software are shown in Fig. 2A -E, while the exact localisation of the changed genomic parts is listed in Table 1 . Detailed data on the recombinants, major and minor parents are shown in Table 2 . Among the 62 BVDV-1 genomes five recombinants were detected by the programme, one of which was double recombination (JN704144). One of the further three recombinations was an artificial chimaera (AF268278), while from the three remaining recombinations two (U86599 and U86600) are cp and ncp variants of genetically closely related strains. The last BVDV-1 recombinant (JQ799141) was isolated from a yak, and its major parent strain originated from cattle while the minor was detected in a pig.
From the 50 BVDV-2 strains only one recombinant (AF145967) was detected by our method. Another recombination event described previously by other authors (GQ888686, Weber et al., 2015) was not confirmed by our results.
Recombination breakpoint p-distribution plot analysis of the genomes detected four hot-spots (A: 0.5 kb, B: 1 kb, C:7.5 kb, D:12 kb) on the BVDV-1 genome, which correlate with the detected recombinations rather well (Fig. 3A) . Recombination can be identified more exactly when only the recombinant and the two parents are compared, but when all 62 BVDV-1 genomes were fed into the programme used for hot-spot analysis (RDP 4.46 BETA), the minor differences in the localisation of the breakpoints and the different length of the genomes resulted in relatively longer sequences; they may vary with a few hundred bases in the case of the different recombinants. Two similar hot spots are also detected in the BVDV-2 genome, but their location is slightly different compared to that of BVDV-1, they are around 0.15 kb and 11.7 kb (Fig. 3B ).
Discussion
It was surprising that the ratio of recombinants in the case of BVDV was relatively high: five from the 62 BVDV-1 (8%) and one from the 50 BVDV-2 (2%) genomes. All these recombinations were supported with extremely strong P values (varying between 1.58 × 10 -310 to 1.26 × 10 -4 ), which indicates an almost absolutely proven recombination event in the case of these viruses. From the six recombinants detected by us, two had already been described by other authors, but additional information on some of them was gained by our investigations. We decided to use only full or nearly full sequences, because the shorter sequences are used for recombination search, the more events are found, but the shorter sequences increase the probability of false positive findings, since similarities on short regions may be the consequences of mutations as well. 
Acta Veterinaria Hungarica 64, 2016 Although the full genome length of BVDV may be only slightly longer than 13 kb, the scale of the graphs (Fig. 2) is longer than that (14.2 kb) due to the shifts and gaps in the alignments, and due to aligning BVDV-1 and -2 genomes in the same investigation. (This latter could not be avoided, since we wished to investigate the possibility of cross-type recombinations, too.) This 'wobbling' of the actual genomes in the alignment results in a theoretical genome size which is longer than any of the sequences, therefore the graphs prove and illustrate only the event of the recombination, but the exact position of the changed part cannot be read accurately from the graphs, only approximately. On the other hand, the programme localises the start-and endpoints exactly; those are shown in Table 1 .
The two species of BVDV are clearly separated on the phylogenetic tree. One interspecies recombination between BVDV-1 and -2 was detected (Fig. 2D) , which supports previous observations regarding the possibility of recombination between the two BVDV species, though the recombination event described earlier (Ridpath and Bolin, 1995) was not detected when complete genomes were aligned. The low probability of interspecies recombinations supports the hypothesis that immunotolerance (which is type specific) increases the probability of co-infections with BVDV strains of the same species, therefore helps recombination within the same species. On the other hand, there are recombinations among the different subtypes of BVDV-1 (BVDV-1a-g) identified by previous authors (Becher et al., 1999; Vilcek et al., 2004) , though the location of subgroups on the branches of the tree is not always supported when full genomes are used, not only the 5' end region (5'-UTR, N pro ) of the BVDV genome.
In our study, the programme selected those deposited sequences as parent sequences, which were nearest to the probable parents. This does not mean that the recombinants originated really from these parents, since the real donors were most probably not sequenced and deposited in the GenBank. Therefore, the respective genomic regions of the parents and the derived recombinants are not identical nucleotide by nucleotide, only very closely related on the exchanged genomic regions.
A good example of that is the AF268278 (BVDV-1a) recombinant strain. Only one of its parents (M31182) could be detected, because the recombinant virus is an artificial chimaera BVDV-1 strain, produced by replacing the BVDV N pro gene with a human hepatitis C genomic segment (Lai et al., 2000) . The re-← Fig. 2 . RDP graphs of the full genome alignment (major parent and recombinant identity percentage: purple, minor parent and recombinant identity percentage: green, minor and major parent identity percentage: blue). A: recombinant AF268278. The major parent was identified as the NADL strain (M31182). The minor parent is unknown. B: recombinant JQ799141 and minor parent JN400273 and major parent KF896608. C: recombinant U86599 and minor parent AF091605 and major parent JX297513. D: AF145967 and minor parent AY149216 and major parent AY149215. E: double recombinant JN704144 and minor parent M96751 and major parent KC695814, respectively combination is presented in Fig. 2 . This partial replacement caused an 'unknown' result of the search in case of the minor parent, since hepatitis C genomes were not included in the alignment as possible parents. At the same time, this finding proves the robustness of the applied test methods. The programmes confirmed the results of Weber et al. (2015) by revealing a possible double cross-recombinant (JN704144), which strain was demonstrated in China from a field case ( Fig. 2A) (Weber et al., 2015) . The major parent is the Av69 Vedevac strain also sequenced in China, the minor parent is a field strain (SD1). Besides being an example of a presumably rare double recombination event, this strain clearly demonstrates the risks of applying traditional attenuated live vaccines to reduce economical losses. Also, this recombination is unique in the extremely high probability of recombination, because using the different detection methods the P values are very strong, they vary between P < 7.23 × 10 -43 and 1.28 × 10 -230 (Table 1) . Another recombinant, JQ799141, is also a Chinese strain as well as its parent strains JN400273 and KF896608 (Fig. 2) . It is interesting that the recombinant itself was isolated from a yak, while one of the parents, JN400273, was isolated from swine (Deng et al., 2014) . The strain must also circulate in cattle, otherwise the recombination could not occur; but the species variety among the two parents and the recombinant (cattle, swine, yak) is remarkable from the epizootiological point of view. Previous authors publishing results on recombination events did not report on recombinations between different viral species of different hosts (border disease virus of sheep, bovine viral diarrhoea virus of cattle and classical swine fever virus of pigs) within the Pestivirus genus. Although in our investigations we also included 12 BDV (border disease virus) and 171 CSF (classical swine fever) genomes, neither could we detect interspecies recombinations with viruses of other host species, and therefore the accession numbers of the used CSF and BDV strains were not listed in the Materials and methods. Nonetheless, the origin and existence of JQ799141 suggest that interspecies recombinations theoretically may appear later.
U86599 is also interesting for more than one reason. A very similar strain (U86600) was previously identified (Jones and Weber, 2004) as a recombinant using SimPlot analysis. The major parent was the same in our investigations as well (JX297513), but the minor parent was different (AF091605 instead of AF041040), though very closely related to the one identified as minor parent in the previous study. Besides finding another minor parent, the more sophisticated programmes used in our study found a longer recombination region and stronger P values in U86599, which proves that this strain was a recombinant, and U86600 is a derivate of U86599 different in less than 1% of the nucleotides, which may be the consequence of point mutations. Another interesting feature of this strain is that it is the least supported recombination in our study (Fig. 2C) ; the P values were not as strong as in the case of the other chimaeras, what is more, Table 1 The most prominent BVDV recombination events detected after complete sequence alignment of all BVDV sequences. Some of the events were identified earlier by others [ a (Weber et al., 2015) , Table 2 GenBank data of recombinant strains, major and minor parents one of the tests did not reveal recombination in this case, the P value was below the threshold for the 3Seq method. We decided to introduce this event to prove that the results of the tests must be treated with consideration; comparison of the results of the different methods and visual re-evaluation of the graphs are always necessary, as it was suggested previously (Leal et al., 2012) . The major parent (Neill et al., 2015) was demonstrated in the USA, the closest minor parent in the UK. Since close relatives of the real parents were not sequenced in this case, the P value is relatively low. It is unique in the length of the total genome (15,521 kb) which is the consequence of three repetitions in its genome within the NS2-3 region, but these are most probably consequences of duplication of a 3263 nt long sequence of a partially overlapping part of three genes (partial NS2, NS2-3, NS3) within the genome of the strain itself (Fig. 4) , since the identity of the repetitive sequences is 98-100%. This strain also draws the users' attention to the Acta Veterinaria Hungarica 64, 2016 risk of false positive results since this strain was detected as a recombinant, though the repetitive regions are most probably of self origin. As the programme does not compare the genomes to themselves, repetitions will be detected as recombinations with the closest relative of the investigated strain, since the duplicated genomic region shows the highest identity to the closest relative. A good example emphasising the need of re-evaluation of the results given by the software is a BVDV-2 recombination event described by Weber et al. (2015) who reported a putative recombinant (GQ888686), with relatively weak P values in certain tests (Table 1) , and one of the applied methods did not even detect recombination at all. Using all 112 genomes in our study and a threshold limit of P = 0.005 (5 × 10 -3 ) we did not identify this strain as a recombinant. When parameters were changed and merely 72 representative genomes were analysed (see the phylogenetic tree in Fig. 1 ) the programme found this recombinant, but the supporting P values were relatively weak (Table 1) . We did not consider this strain as a recombinant.
It is interesting that relatively less recombinations were found in the case of BVDV-2, though the number of the deposited sequences was nearly as high as in the case of BVDV-1. Furthermore, most BVDV-2 strains were demonstrated and sequenced in North America (USA and Canada), which means that these virus variants coexisted in the same restricted geographical region, which increases the possibility of simultaneous infections. It may prove the relative stability of BVDV-2 compared to BVDV-1, which is also indicated by the lower genetic variance, and fewer putative subgroups in this viral species (Frey et al., 1996) .
Acta Veterinaria Hungarica 64, 2016 Besides the recombinant described by Weber et al. (2015) mentioned above and not approved as a recombinant by us, the only recombinant detected in our study was AF145967, introduced in Fig. 2 . The recombinant was described by Ridpath et al. (2006) , but they detected a recombination different from ours. They identified not a recombination but an insertion within the NS3 gene of the genome, which is signed by a smaller drop of identity percentage in the graph in our investigation (Fig. 2D ) and was not confirmed as a recombination event by our results. We have detected a much more prominent recombination closer to the 3' end within the NS5b region, and it is interesting that the minor parent from which this 195-base-long part is derived was identified by the programme as AY149215 BVDV-2. Searching further, after cutting out these 195 bases, the BLAST algorithm (Altschul et al., 1990) search identified the origin of this partial sequence as a BVDV-1 strain which was deposited with the accession number KF896612 by Gao et al. in the GenBank in 2013. It seems that the minor parent recognised by our programme was a recombinant itself with major parent AY149216 and minor parent KF896612. This minor parent was not identified originally by RDP because partial sequences were not among the investigated genomes. The length of the recombined genomic part is 195 nt, the identity to KF896612 partial sequence was 100%. So considering this event, the existence of interspecies recombinants is also supported by the identification method used in our study, though only between the two BVDV species infecting the same host (cattle).
Our results prove the relatively high frequency of recombination in the evolution of BVDV. Although reassortment is known to occur frequently in case of viruses with segmented genomes (i.e. influenza viruses, bluetongue virus), this is not so in virus families with unsegmented genomes. In the case of BVDV, the special pathomechanism and the occurrence of persistently infected animals in the endemically infected countries may facilitate intergenomic recombinations. Also, the value of utilising multiple statistical methods in the identification of such events is further supported.
